1 2 3 1 minutes apart 12 , and females frequently carry multiple-paternity litters in the wild 13 . By contrast, its sister 3 2 species, the old-field mouse, P. polionotus, is strictly monogamous as established from both behavioural 14 3 3 and genetic data 15 . Moreover, relative testes size is roughly three times larger in P. maniculatus than in P.
An extraordinary array of reproductive traits vary among species, yet the genetic mechanisms that 9 enable divergence, often over short evolutionary timescales, remain elusive. Here we examine two 1 0 sister-species of Peromyscus mice with divergent mating systems. We find that the promiscuous 1 1 species produces sperm with longer midpiece than the monogamous species, and midpiece size 1 2 correlates positively with competitive ability and swimming performance. Using forward genetics, 1 3 we identify a gene associated with midpiece length: Prkar1a, which encodes the R1α regulatory 1 4 subunit of PKA. R1α localizes to midpiece in Peromyscus and is differentially expressed in mature 1 5 sperm of the two species yet is similarly abundant in the testis. We also show that genetic variation 1 6 at this locus accurately predicts male reproductive success. Our findings suggest that rapid velocity is a composite trait likely influenced by sperm morphology as well as other factors. We 1 0 9
performed post-hoc scans for each of these phenotypic traits (midpiece, total flagellum, VSL, VCL and 1 1 0 VAP with 1,000 permutations, α=0.05) with each other trait, and with the genetic marker of highest 1 1 1 linkage, as covariates; we found no additional significant QTL. To further refine the single QTL for sperm midpiece and identify a causal gene, we enriched marker 1 1 4 coverage in the 20cM region surrounding the marker of highest association by genotyping each F 2 male 1 1 5
for eight additional single nucleotide polymorphisms (SNPs; Supplementary Table 1 ). The increased 1 1 6 marker density improved our QTL signal and reduced the 1.5-LOD support interval to 3.3cM and the 1 1 7 99% Bayes credible interval to a single locus containing the Prkar1a gene ( Fig. 3 ). We then confirmed 1 1 8 this association with a genetic breakpoint analysis that included two additional SNPs flanking the marker 1 1 9
of highest association, thereby narrowing the 3.3cM interval to 0.8cM around Prkar1a (Fig. 5 ). The
Prkar1a gene encodes the R1α regulatory subunit of the Protein Kinase A (PKA) holoenzyme and is the 1 2 1 only gene within the broader 3.3cM confidence interval previously implicated in male fertility, sperm 1 2 2 morphology or sperm motility 24,25 ( Supplementary Table 2 ). Therefore, Prkar1a represents a strong 1 3 8 differential expression of Prkar1a mRNA and R1α protein levels (mRNA: Supplementary Fig. 3 In addition to genetic mapping, our genetically heterogeneous F 2 hybrid population also enables us to test with both sperm morphology and swimming performance. Finally, to understand how allelic and phenotypic variation influence male reproductive success, we 1 7 0 scored which F 2 males sired offspring in natural matings. We found that F 2 hybrid males carrying at least with significantly longer midpiece regions than those that did not reproduce ( Fig. 8b ; t-test: P=0.041, 1 7 9 df=84). Together, these analyses show that males carrying at least one copy of the P. maniculatus
Prkar1a allele produce significantly faster sperm with longer midpieces, and also benefit from greater 1 8 1 reproductive success, suggesting a direct link between fitness, phenotype and genetic variation at the 1 8 2
Prkar1a locus. predicts that these differing competitive regimes may favour the evolution of trait divergence. Our results 1 9 3 suggest that the difference observed in sperm midpiece length between P. maniculatus and P. polionotus, 1 9 4
confers an important reproductive advantage that improves sperm swimming performance. We first found 1 9 5 that sperm with longer midpiece are more motile in a competitive swim-up assay. Second, within our 1 9 6 hybrid population, we observed a positive relationship among sperm midpiece length, swimming velocity 1 9 7
and male reproductive success. The targets of post-copulatory sexual selection can vary tremendously 1 9 8 across taxa, but in this system, our results are consistent with the hypothesis that selection favors sperm with longer midpiece regions, consistent with findings in other species 20-22 . If a simple relationship between midpiece length and fitness exists, it is puzzling why a monogamous 2 0 2 species would not share the same sperm morphology as its promiscuous sister-species. The functional 2 0 3 9 relevance of the midpiece, in both evolutionary and human fertility studies, is controversial 30,31 , and many 2 0 4 closely-related species vary extensively in this trait [32] [33] [34] . Nonetheless, while drift and/or selection acting 2 0 5 on pleiotropic traits could lead to shorter midpiece, sperm cells with more or larger mitochondria afforded 2 0 6
by the larger midpiece also may experience greater oxidative stress, which is known to increase 2 0 7 mutagenesis in germ cells 35 . Therefore, when sperm competition is absent, such as in P. polionotus, the 2 0 8 benefits conferred by producing faster sperm may not outweigh the associated costs. However in the 2 0 9
highly competitive environment that P. maniculatus sperm experience, even small increases in sperm 2 1 0 performance could differentiate those that reproduce and those that do not 7 . Thus, the balance between and sexual selection as drivers of interspecific midpiece variation seen in Peromyscus, and across animals 2 1 3 more generally. Using a forward-genetics approach, we identified a single gene of large effect on midpiece size, Prkar1a, that the subtle tuning of the expression of this regulatory subunit may also confer beneficial effects. In Peromyscus, we found that R1α is similarly abundant in the testes of the two focal species, yet is and Sertoli cells, it is likely that subtle difference in Prkar1a mRNA abundance or R1α protein may not 2 2 9
be detectable if expressed in a limited number of cell types. Our analysis of mature spermatozoa, however,
suggests that cell type-specific R1α expression differences present during later stages of Peromyscus 2 3 1 spermatogenesis are likely to regulate midpiece length. The rapid evolution of reproductive protein coding regions is a well-known response to post-copulatory 2 3 4 sexual selection 39 ; we demonstrate here that expression changes in gametes of a broadly-expressed gene 2 3 5
can also be a target of selection. Over 50% of mammalian genes are expressed in the testis and most of 2 3 6 these genes are also expressed in other tissues 5,6 ; therefore, cell-type specific changes in protein 2 3 7 expression in reproductive tissues are likely to be a common mechanism by which selection in males can 2 3 8
operate with swiftness and without deleterious effects in females or other tissues. Animal Care and Use Committee. Adult sexually-mature P. polionotus and P. maniculatus males were 2 4 7 used to collect data for cross-species comparisons. In addition, we bred four mice, two P. polionotus 2 4 8 males and two P. maniculatus females, to produce 40 first-generation (F 1 ) hybrids, and then intercrossed Intraclass correlation coefficients among sperm within F 2 hybrid males were significant and high We compared the sample means of pure P. maniculatus and P. polionotus sperm morphology (head 2 9 0 length, head width, total flagellum length, midpiece length) and velocity (VSL, VCL, VAP) using two-2 9 1 tailed unpaired t-tests and adjusted alpha for multiple comparisons using Bonferroni correction. F 2 hybrid males that did not produce any sperm were excluded from all analyses incorporating sperm 2 9 4 velocity or morphology measures, including genetic mapping; however, we used the genotypic 2 9 5 information from these males in linkage map construction (see below). All analyses were performed in R 2 9 6 statistical software 45 . We tested for an effect of sperm midpiece length on competitive success by performing three types of 3 0 0 sperm swim-up assay: heterospecific competitions including the sperm of a P. maniculatus and a P. two donors (for within-male assays, we added twice the volume of a similar concentration) in 0.5mL 10% 3 0 5 1 3 polyvinylpyrrolidone in BWW medium. We took a sample of the sperm mixture ("pre-spin") and 3 0 6
centrifuged the mixture at 150g for 10min at 37ºC to pellet cells. We then collected a sample of cells just 3 0 7
below the surface of the medium following centrifugation ("post-spin") and measured midpiece length of are capable of rapidly swimming up through a viscous media. To analyze the results from these assays,
we used two-tailed paired t-tests with Bonferroni correction to compare the mean midpiece size of a 3 1 1 sample of sperm that entered the competition (the pre-spin sample) to the sperm that were able to swim to 3 1 2 the top of the tube after centrifugation (the post-spin sample). This technique is commonly used to screen 3 1 3
for the highly motile sperm most likely to achieve fertilization 23,46 . To test for an effect of sperm morphology on reproductive success we weaned each of the F 2 hybrid males 3 1 6
from their parents at 25 days of age and housed them with same-sex littermates until they were at least 68 3 1 7 days old and sexually mature. We then housed each male with an F 2 female chosen at random from the 3 1 8 same grandparents as the male for at least 7 days (range 7-22 days; we found no effect of pairing length among males by exposing all to a female in oestrus (Peromyscus estrous cycle is 5 days 47 ). Finally, we 3 2 3 sacrificed males at 80-169 days of age to harvest sperm (we found no effect of male age on reproductive 3 2 4
success: unpaired two-tailed t-test comparing mean age of sires and non-sires, P=0.69, df=84), and 3 2 5
recorded any observed offspring that resulted from the pairing of these F 2 males with F 2 females. We extracted genomic DNA from liver tissue using either phenol chloroform (Automated DNA 3 2 9
Extraction Kit, AutoGen, Holliston, MA) or DNeasy Kits (Blood & Tissue Kit, Qiagen, Hilden,
Germany). We identified single nucleotide polymorphisms (SNPs) and assigned genotypes for each England BioLabs, Ipswich, MA). We ligated the resulting fragments to sequencing adapters containing a 3 3 4
unique barcode for each individual male. We then pooled these barcoded fragments from multiple BioSciences, Beverly, MA). Finally, we amplified the remaining fragments using a Phusion High Fidelity consistently differed between the two parental strains used to generate the hybrid population, and which 3 4 0
were confirmed as heterozygous in the first generation hybrids (F 1 ). We then pruned our marker set to 3 4 1 exclude any markers genotyped in fewer than 100 individuals or with genotype information identical to 3 4 2 another marker. We conducted all genetic mapping analyses using R/qtl software 49 , an add-on package for R statistical this study). Any markers not included in the 23 linkage groups were excluded. Finally, we refined this To identify quantitative trait loci (QTL) contributing to sperm morphology, we performed Haley-Knott 3 5 6 regression and interval mapping analyses sequentially with 1,000 permutations and α=0.05 in R/qtl 49 . We found a found a single genomic region with a significant association for sperm midpiece length on LG4 3 5 8
Fig. 3);
LG4 is syntenic to Mus musculus chromosome 11 and Rattus norvegicus chromosome 10 50 . To 3 5 9
narrow the QTL interval, we genotyped the F 2 males for additional markers within the 20cM region of the SNPs residing in each of these genes using custom designed TaqMan SNP Genotyping Assays (Thermo- manufacturer's instructions). The genotype data from these 8 SNP markers helped to better refine the 3 7 0 QTL for sperm midpiece length and increased the association between genotype and phenotype (peak measures of confidence, we found that midpiece length mapped to (1) a single marker residing in the gene, Prkar1a, based on the 99% Bayes credible interval, and (2) to a 3.3cM region surrounding Prkar1a based 3 7 4 on 1.5 LOD support interval 49 . We then PCR-amplified (primers available in Supplementary Table 1) all F 2 males that showed a recombination event in the surrounding region (n=13; Fig. 5 ). On the basis of 3 7 7 midpiece length of these F 2 recombinants and their genotypes at the two additional markers, we were 3 7 8 further able to narrow the QTL to 0.8cM by excluding association with Amz2 and Abca8a (Fig. 5 ) and confirm the association between midpiece length and Prkar1a. To investigate the association between reproductive success and genotype, we compared the frequencies To investigate genetic differences between P. maniculatus and P. polionotus within Prkar1a, we 3 8 7
sequenced the protein-coding region by extracting mRNA from the decapsulated testis tissue of P. poly-T primer (T16). We amplified the entire coding sequence (1,146bp) using two pairs of primers 3 9 1 (named by location in Prkar1a): Exon1c_F: 5'GCCATGGTTCCTCTGTCTTG3', Exon8_R:
3 9 2 5'AGAACTCATCCCCTGGCTCT3'; Exon7_F: 5'ATGTGAAACTGTGGGGCATT3' and 3'UTR_R: To estimate Prkar1a mRNA abundance in whole testes of P. maniculatus and P. polionotus (n=8), we 3 9 6
conducted an RNAseq experiment. Specifically, we extracted total RNA using the TRIzol reagent genome using the STAR RNA-Seq aligner v2.4.2a in two-pass mode 54 . We next obtained the P. To localize the expression of PKA R1α, we fixed epididymal sperm in 2% paraformaldehyde and 1.25%
glutaraldehyde on a microscope slide for 15min. We then washed the cells in phosphate-buffered saline 4 2 5
with 0.1% Tween 20 (PBT) for 15min, and blocked in PBT with 3% bovine serum albumin (BSA) for 1hr 4 2 6
at room temperature (RT). Next we incubated the cells overnight at 4°C with the primary antibody, PKA 4 2 7
R1α (Santa Cruz Biotechnology #18800, Dallas, TX), which we diluted 1:100 in PBT with 3% BSA. The 4 2 8
following day we washed cells in PBT for 1hr at RT 3 times, then incubated with the secondary antibody, 4 2 9
Alexa Fluor 546 (Thermo-Fisher #A11056, Waltham, MA), diluted 1:500 in PBT with 3% BSA, at 4 3 0 1:1000 for 1hr at RT. Cells were then washed in PBT for 1hr at RT 3 times, stained with DAPI (Thermo- processed identically to the above methods except that instead of treating with the primary antibody, cells 4 3 5
were solely treated with PBT with 3% BSA, the secondary antibody and DAPI. We viewed cells at 400X 4 3 6
and 1000X magnification on an upright microscope (AxioImager.A1, Zeiss, Jena, Germany). After sacrifice via carbon dioxide overdose, we removed one testis and stored one at -80ºC, and Ana, CA) at 37ºC for 10min to release motile sperm. We then removed the epididymes and incubated 4 4 1 sperm for an additional 45min at 37ºC before pelleting them at 12,000g for 5min. We washed sperm cells [Roche]), rocked for 30 min and centrifuged 12,000g for 20min, all at 4ºC. Samples were then processed 4 4 5
for multiplexed quantitative mass spectrometry analysis and analyzed through the Thermo Fisher Multiplexed quantitative mass spectrometry data were collected on an Orbitrap Fusion mass spectrometer 4 5 0 operating in a MS3 mode using synchronous precursor selection for the MS2 to MS3 fragmentation 57 . sperm and testes using two-tailed unpaired t-tests. and within-male (P. maniculatus; n=19 trials) competitive swim-up assays. In all three assays, the mean 4 9 0 midpiece length (n=20 sperm/sample) of competitive sperm collected following centrifugation was 4 9 1 significantly longer than those entering (t-test). Note truncated y-axis. of Linkage Group 4 (LG4) shows confidence thresholds for QTL associated with midpiece length; 1.5 4 9 7
LOD support interval is shown in orange, the 99% Bayes credible interval is shown; position of the most 4 9 8
highly associated gene. Prkar1a, is given. F 2 hybrids with recombination events within the 1.5-LOD 4 9 9 support threshold (n=11) were used for breakpoint analysis. Fig. 1e for reference here). "AA" denotes males homozygous for the P. maniculatus allele at the Prkr1a 5 0 5 locus (n=61), "Aa" for heterozygous males (n=130), and "aa" for males homozygous for the P. (redrawn from Fig. 1 ) and F 1 hybrids are shown for reference. Genotypes for each individual at nine 5 1 3 markers: "Aa" denotes heterozygous genotypes for the P. maniculatus and P. polionotus alleles, "aa" for 5 1 4
homozygous P. polionotus alleles. Red box highlights the Prkar1a genotype that shows a perfect 5 1 5 association with midpiece length variation unlike neighboring loci. Mean±SE midpiece length of wild-type Prkar1a +/+ (red) and heterozygous Prkar1a +/-(pink) Mus
musculus C57BL/6 sperm (t-test: n=8 males, n=20 sperm/male). Note truncated y-axis. length and straight-line velocity of F 2 hybrid males (linear regression: n=233 males, n=10 sperm/male).
2 8
For reference, midpiece length of each parental species is plotted as a dashed line. (b) Mean±SE sperm 5 2 9 midpiece length of F 2 males that did (n=85) and did not (n=173) sire offspring (t-test). Note truncated y- Evolution 18, 41-47 (2003) . Evolution 19, 87-93 (2004) . and Systematics 30, 109-132 (1999) . spermatogenesis. Biology of Reproduction 71, 319-330 (2004) . Peromyscus (Muridae). American Museum Novitates 2531, 1-20 (1974) . genus Peromyscus (Muridae). American Museum Novitates 2355, 1-47 (1969) . populations of deer mice (Peromyscus maniculatus). Evolution 27, 106-110 (1973) . 42 species of muroid rodents. Biologist 63, 138-162 (1981) . American Naturalist 117, 665-675 (1981) . Sciences 265, 97-103 (1998 
